We established a relationship between cognitive deficits and cortical circuits in the LgDel model of 22q11 Deletion Syndrome (22q11DS) -a genetic syndrome with one of the most significant risks for schizophrenia and autism. In the LgDel mouse, optimal acquisition, execution, and reversal of a visually guided discrimination task, comparable to executive function tasks in primates including humans, are compromised; however, there is significant individual variation in degree of impairment. The task relies critically on the integrity of circuits in medial anterior frontal cortical regions. Accordingly, we analyzed neuronal changes that reflect previously defined 22q11DS-related alterations of cortical development in the medial anterior frontal cortex of the behaviorally characterized LgDel mice. Interneuron placement, synapse distribution, and projection neuron frequency are altered in this region. The magnitude of one of these changes, layer 2/3 projection neuron frequency, is a robust predictor of behavioral performance: it is substantially and selectively lower in animals with the most significant behavioral deficits. These results parallel correlations of volume reduction and altered connectivity in comparable cortical regions with diminished executive function in 22q11DS patients. Apparently, 22q11 deletion alters behaviorally relevant circuits in a distinct cortical region that are essential for cognitive function.
Introduction
22q11 Deletion Syndrome (22q11DS) is one of the most significant genetic risks for autism, schizophrenia, and other cortical circuit disorders thought to arise during development (Geschwind and Levitt 2007; Niklasson et al. 2009; Meechan et al. 2011) . Cognitive disabilities are common in 22q11DS; however, not all domains are affected equally: executive functions including working memory and attention are more frequently compromised (Gerdes et al. 1999; Swillen et al. 1999; Woodin et al. 2001; Campbell et al. 2010) . Prefrontal and anterior cingulate regions essential for these functions are altered in 22q11DS patients (Schaer et al. 2006; Bearden et al. 2009; Shashi et al. 2010) . Nevertheless, it remains unknown if circuits within these regions are disrupted, how disruptions arise, and whether they are related to behavioral deficits. Thus, we asked whether circuit elements are specifically compromised, reflecting altered development, in a distinct cortical region crucial for an executive function-related task in the LgDel mouse (Merscher et al. 2001) , a genomically accurate model of 22q11DS.
Current behavioral paradigms assess a variety of cognitive capacities in mice (van der Staay and Steckler 2001), and some tasks apparently depend upon the integrity of distinct cortical regions. Touchscreen mediated visual discrimination/reversal tasks have emerged as a relevant assay for murine executive functions, and these tasks can be associated with distinct areas of the frontal cortex (Bussey et al. 2001; Brigman et al. 2010 Brigman et al. , 2012 . Recent behavioral analyses in 22q11DS patients indicate that distinct aspects of executive function, some of which may engage behavioral mechanisms and frontal cortical areas similar to those used for reversal tasks in mice, are selectively compromised (Shashi et al. 2010; Shapiro et al. 2013) . Indeed, the full range of capacities that comprise executive function, including working memory and attention are altered in 22q11DS (Karayiorgou et al. 2010) . Thus, in the LgDel 22q11DS mouse model, we focused on visual discrimination/ reversal performance as an indication of cognitive capacity relevant to executive functions that rely upon frontal cortical circuits.
There is little evidence that genetic lesions associated with cortical circuit disorders alter cognition in register with developmental changes in relevant cortical regions. We therefore focused on changes that reflect 2 developmental anomalies in the LgDel frontal cortex. First, disrupted migration leads to aberrant laminar position of parvalbumin-labeled GABAergic interneurons. Second, altered proliferation of basal progenitorssubventricular zone precursors that produce projection neurons for all layers (Kowalczyk et al. 2009 )-reduces layer 2/3 projection neuron frequency (Meechan et al. 2009 (Meechan et al. , 2012 . Previously, we found pronounced changes in area 6 (Caviness 1975) , lateral frontal motor/association cortex, lAFC. In 22q11DS patients, prefrontal and anterior cingulate cortices are altered in parallel with executive function (Bearden et al. 2009; Shashi et al. 2010) . In mice, aspects of the discrimination/reversal task depend upon the medial frontal/anterior cingulate cortex, medial anterior frontal cortex (mAFC), (areas 24/25; Caviness 1975; Brigman and Rothblat 2008) often compared with human prefrontal cortex. Thus, using the LgDel mouse, we asked whether developmental anomalies that alter frontal cortical circuits are related to cognitive capacities that rely upon integrity of those circuits in adults.
We found that LgDel mice, as a group, are cognitively impaired, similar to 22q11DS patient populations. As with variable deficits in individual 22q11DS patients, some LgDel mice are more impaired than others. Cognitive impairment in LgDel mice is paralleled by changes in mAFC GABAergic interneurons and layer 2/3 projection neurons-mature manifestations of developmental disruptions we reported previously (Meechan et al. 2009 (Meechan et al. , 2012 . When behavioral performance and these cortical circuit phenotypes are compared, a robust and specific relationship between diminished cognitive capacity and mAFC projection neuron frequency is seen.
Apparently, the degree of disrupted circuit construction in a cortical region critical for executive functions, similar to those altered in 22q1DS patients, predicts cognitive impairment in the mouse model of 22q11DS.
Materials and Methods

Mice
The George Washington University Institutional Animal Care and Use Committee (IACUC) reviewed and approved all animal procedures. The LgDel line (Merscher et al. 2001) has been maintained on a C57/ Bl6N background in our colony since 2003 (>25 generations). We insure the consistency of the background by routine backcrosses to C57Bl6N stock from the vendor (Charles River Laboratories, Wilmington, MA, USA). Eleven LgDel and 11 wild-type (WT) males, generated from 6 litters in which the LgDel was transmitted paternally, were analyzed. These males were group housed as littermates for ∼10 weeks when the food deprivation schedule for behavioral testing was begun. Each animal was then housed individually on a 12-h light-dark cycle with unlimited access to water. Each individually housed mouse was put on a restricted diet and weighed daily until it reached 85% of its free feeding weight. Behavioral testing was begun immediately thereafter.
Behavioral Testing
The 11 LgDel and 11 WT male mice were trained using an infrared LCD touchscreen apparatus by operators blind to animal genotype (Rutz and Rothblat 2012) . Initially, mice were rewarded (at a pellet food dispenser in a central location distal to the screen) for nose-poking the correct visual stimulus, independent of left/right position. Animals are given 20 "first-choice" trials per session (e.g., each trial requires correctly choosing vertical instead of horizontal bars; Fig. 1A, left) with the correct stimulus equally distributed on the left or right over the session. Animals successfully reach criterion when they make the correct discrimination between vertical and horizontal bars 80% of the time in a session (16 of 20 first-choice trials). When an incorrect choice is made during first-choice trials, the same stimulus in the same location is presented until the correct choice is made. For the acquisition phase, we report total number of sessions to criterion, total number of errors made while acquiring the task, and the time spent performing the task per session when criterion is reached. The mouse initially learns to discriminate which touch-sensitive pattern-vertical versus horizontal lines-presented on the LCD screen is associated with food reward, irrespective of screen position. At right: During reversal learning, the pattern associated with food reward is switched. (B) During the initial acquisition phase of the behavioral task, LgDel animals take modestly longer to learn the rule associated with food reward, *P < 0.05 (C) LgDel animals require more reversal sessions to learn that the pattern associated with food reward has been reversed, **P < 0.01. (D) The number of learning sessions required by LgDel animals during the reversal phase was significantly increased, **P < 0.01. (E) The number of learning errors made by LgDel animals during the reversal phase was also greater, **P < 0.01. (F) The medial anterior frontal cortex (mAFC) from behaviorally tested animals was assessed histologically (red counting box). This region overlaps with the lesioned regions (hatched area, based upon Brigman and Rothblat 2008) shown to be important for reversal learning. (G) Parvalbumin-labeled GABAergic interneuron distribution, perisomatic parvalbumin-labeled puncta (presumed to be synaptic endings, not visible in this low power image), and NeuN cell frequency (including presumed projection neurons in layer 2/3) were assessed within the counting box.
Upon successful initial acquisition, the reinforcement contingency was reversed: the mouse must nose-poke the other stimulus (e.g., horizontal lines; Fig. 1A , right) to receive a reward. For this "reversal learning" phase, criterion was reached upon 80% correct first-choice trials. Accordingly, for this phase, we report the number of total sessions required (each session: 20 first-choice trials). We also record the initial number of correct trials for the first reversal session as a baseline indicator of performance. In addition, we report the number of total "perseverative" as well as "learning" sessions for each animal, which records sessions required to reach criterion before ( perseverative) and after (learning) a 39% performance level has been reached on firstchoice trials during the reversal phase (Rutz and Rothblat 2012) . We also assessed the total number of errors made throughout the reversal phase. We categorized these errors as perseverative if they occurred on sessions when performance was <39% and learning if they occurred when performance was >39%.
Tissue Collection and Histology
All behaviorally tested animals were perfusion fixed, and brains were collected and processed as described previously (Meechan et al. 2009 ). 10/11 LgDel and 6/11 WT behaviorally tested animals were analyzed for parvalbumin neuron distribution and projection neuron frequency blind to genotype. We examined a smaller subset of behaviorally tested LgDel (n = 5) and WT (n = 3) animals that fell within the full range of behavioral performance to quantify perisomatic parvalbuminlabeled synaptic terminals. Histological material from this subset of animals had sufficiently distinct punctate staining to permit reliable quantification of presumed perisomatic synapses. The following primary antibodies were used: rabbit anti-parvalbumin (1:2000; Swant, Marly, Switzerland) and mouse anti-NeuN (1:500 dilution; Millipore, Billerica, MA, USA). Species appropriate Alex Fluor 488, 546 and 647 nm secondary antibodies (Life Technologies Corporation, Carlsbad, CA, USA) were used for fluorescent detection.
Cell Counting
Medial prefrontal cortical areas (i.e., the mAFC) have been implicated in the reversal task (Bussey, Muir et al. 1997; Chudasama and Robbins 2003; Brigman and Rothblat 2008) , and are thought to approximate prefrontal and cingulate areas that are compromised in human 22q11 patients with cognitive deficits (Bearden et al. 2009; Shashi et al. 2010) . Thus, we focused our cellular analysis on the mAFC. We sampled the mAFC at an anterior-posterior position defined by the anterior commissure crossing the midline ventrally, equivalent to coronal section 209 (Sidman et al. 1971) or Bregma 0.25 mm. This section includes areas 24 and 25 (Caviness 1975) . Sections at this level also include lateral frontal motor association cortex (lAFC; area 6; Caviness 1975), which we analyzed as a positive control based upon our previous data (Meechan et al. 2009 (Meechan et al. , 2012 . Three adjacent tissue sections were counted from this location. In each section, immunolabeled cells were counted within a box comprised of 5 bins of equivalent areas ( Fig. 1) spanning the mAFC or the lAFC. To accommodate mAFC geometry, bin 1 was aligned to the edge of cortical layer 2 and bin 5 to the boundary adjacent to the white matter of the cingulum (see Fig. 1 ). The percentage of parvalbumin cells per bin as a fraction of total parvalbumin cells in the probe was calculated. The average number of parvalbumin-labeled terminals contacting the soma of NeuN-labeled neurons in each bin was determined. A cell density value per bin was calculated for NeuN-labeled cells. All values were then plotted as a function of bin position to assess differences in distribution between LgDel and WT circuit elements.
Imaging and Analysis
Tiled montages were collected using a Zeiss 710 confocal microscope with automated stage. Parvalbumin-labeled interneurons and NeuNlabeled neurons were identified as described previously (Meechan et al. 2009 (Meechan et al. , 2012 . For perisomatic synapses, single optical section montages of 0.8 µm depth were captured with a 63× oil immersion objective. Parvalbumin-labeled puncta touching cell soma of NeuNlabeled neurons were counted.
Statistical Analysis
Behavioral differences (sessions and errors to criterion) were assessed using analysis of variance (ANOVA). Differences in distribution of GABAergic cell bodies and NeuN-labeled neuronal nuclei were analyzed as described previously (Meechan et al. 2009 (Meechan et al. , 2012 , and perisomatic parvalbumin puncta were assessed similarly. When we compared means between more than 2 groups, a 1-way ANOVA followed by Tukey's test was used; otherwise, Student's t-test was used. The degree of correlation between behavioral measures and neuronal or synaptic puncta frequency and distribution was assessed by the Pearson product-moment correlation coefficient (r) and Spearman Rank Order Correlation (r s ) tests for which 2-tailed probability values (P) were assigned.
Results
Cognitive Capacity in LgDel Mice
Most available data indicate that cognitive capacity, including that for tasks requiring optimal executive function (encompassing working memory and attention), is impaired in 22q11DS patients. In LgDel and other 22q11DS mouse models, there has been little evaluation of cognitive capacity beyond assessments of spatial memory or conditioned fear responses (Long et al. 2006; Stark et al. 2008; Sigurdsson et al. 2010 ). In addition, basic sensory/motor function has been reported to be indistinguishable from WT, even though prepulse inhibition, a measure of sensory gating, is altered (Paylor et al. 2001 (Paylor et al. , 2006 Long et al. 2006) . Thus, to evaluate cognitive capacity in the LgDel mouse model of 22q11DS, we used the visual discrimination/reversal task (Fig. 1A) .
LgDel mice have a modest, but statistically significant impairment in initial acquisition of this task: 8.09 ± 0.54 (SEM) sessions for LgDel versus 6.45 ± 0.60 for WT, F 1,20 = 4.49, P = 0.047 (Fig. 1B) . Nevertheless, the 2 genotypes did not differ significantly in total number of errors committed when acquiring the initial discrimination task: LgDel, 116.91 ± 10.05 errors versus WT 105.45 ± 10.11 errors, P = 0.6 Moreover, during the session in which criterion is met, LgDel and WT mice spend approximately the same amount of time performing the task: 12.64 ± 3.98 min for LgDel versus 11.71 ± 2.39 min for WT, P = 0.515. Thus, while LgDel mice have a modest initial delay, other aspects of acquisition and performance are similar to WT mice.
At the outset of the reversal phase, LgDel and WT mice perform similarly: during the first reversal learning session, LgDel mice make 3.91 ± 0.59 correct responses/20 trials, while WT mice make 3.73 ± 0.60/20 trials, P = 0.82. Similarly, the number of perseverative sessions-which occur at earlier stages of reversal learning-does not differ between the 2 genotypes: 1.91 ± 0.28 for LgDel versus 2.09 ± 0.28 for WT. Finally, the total number of errors is statistically indistinguishable. LgDel mice make 213.00 ± 8.43 errors, while WT mice make 194.82 ± 7.51 prior to reaching criterion, P = 0.60. This number of errors, for both genotypes, is nearly twice the number committed during initial acquisition of the task. Together, these data indicate that the initial phase of the reversal task places equivalent demands on both LgDel and WT mice to which they respond similarly.
The most substantial differences between LgDel and WT mice emerge during the learning phase of the reversal task. LgDel mice complete the reversal task to criterion substantially more slowly than their WT littermate counterparts. They require 10.45 ± 1.39, while WT mice require 6.36 ± 0.49 total sessions, F 1,20 = 8.40, P = 0.009 (Fig. 1C) . Most of this difficulty reflects a significant increase in learning sessions. LgDel mice Cerebral Cortex May 2015, V 25 N 5 1145 need 8.54 ± 1.14 learning sessions, while WT mice need only 4.36 ± 0.4 to reach criterion, F 1,20 = 12.39, P = 0.0023) (Fig. 1D) . Although the total number of reversal errors is similar between the 2 genotypes, the types of errors differ significantly. There is a modest but significant decrease in the number of perseverative errors made by LgDel mice: 94.4 ± 11.51 for LgDel versus 149.7 ± 24.63 for WT, F 1,20 = 4.54, P = 0.045. In contrast, LgDel mice make substantially more learning errors: 118.6 ± 24.66 versus 45.1 ± 7.46 for WT, F 1,20 = 8.97, P = 0.007 (Fig. 1E) . Apparently, cognitive capacities that underlie distinct phases of the reversal task are differentially altered in LgDel mice, and many changes are seen during the learning phase.
We also recognized substantial differences in variability in individual performance between genotypes. This variability was more pronounced for the total number of reversal sessions (F = 0.006) as well as the number of learning sessions (F = 0.004) and learning errors (F = 0.0007) for LgDel versus WT mice. In contrast, perseverative performance varied less. There was no detectable variability for the number of perseverative sessions (F = 1.0), and only modest variability for the number of perseverative errors (F = 0.024). Accordingly, we defined a "more profoundly impaired" group as those LgDel mice that had a number of reversal sessions 3 standard deviations or greater relative to the average number of WT reversal sessions. This LgDel group (5 of 11) was distributed across 5 of the 6 the litters used in this study. These 5 LgDel mice also required more learning sessions to reach criterion than either the remaining LgDel or WT control mice. Finally, 4 of 5 of these LgDel animals also have the worst learning error scores during reversal. Thus, the degree of cognitive impairment, particularly for aspects related to reversal learning, varies substantially between individual LgDel mice.
Interneuron Distribution and Behavioral Performance in LgDel Mice
The visual reversal task on which LgDel mice are impaired likely depends on the integrity of the mAFC (Fig. 1F,G ; Bussey, Muir, et al. 1997; Chudasama and Robbins 2003) ; therefore, it seemed possible that mAFC circuit elements might be altered in the LgDel. In the mAFC, parvalbumin interneurons-apparent pathological targets in schizophrenia and other cortical circuit disorders (Lewis et al. 2004 Volk and Lewis 2005) , and disrupted developmentally in LgDel mice (Meechan et al. 2009 (Meechan et al. , 2012 -are particularly abundant (Van De Werd et al. 2010) . Their laminar distribution in the mAFC is distinct: they are more abundant in deeper layers (layers 3/4/5) rather than concentrated in layers 2/3 as in lAFC. Thus, in the mAFC from behaviorally tested LgDel and WT animals ( Fig. 2A) , we asked whether there were changes in parvalbumin interneurons that reflect altered development (Fig. 2B-D) , and their correlation with behavioral performance. The distribution of these cells in the LgDel mAFC is significantly altered. Their frequency in deeper layers (bin 4) is significantly increased compared with WT (Fig. 2E ). There is a compensatory reduced frequency in superficial layers indicating the same overall stability of parvalbumin cell numbers we have reported previously; however, changes in the upper layers do not reach statistical significance. The altered laminar distribution of parvalbumin interneurons was comparable in the "less" as well as "substantially" impaired LgDel behavioral groups versus WT (Fig. 2E) . We also asked whether there was any relationship between the altered distribution of parvalbumin cells in bin 4 of each LgDel or WT animal with divergent measures of behavioral performance; there were no significant correlations (Fig. 2F and data not shown). Next, we asked whether the distribution of perisomatic parvalbumin-labeled synaptic terminals, usually made onto projection neuron soma (Fig. 3A) was altered in register with redistributed parvalbumin-labeled cell bodies, and whether changes might be related to variable cognitive capacities in LgDel mice. For this analysis, we examined a smaller subset of behaviorally tested LgDel and WT animals based upon the quality of the immunolabeling of synaptic puncta (see Materials and Methods). We recorded the average number of distinct labeled terminals adjacent to NeuN-labeled neurons within each counting box bin. There is a consistent reduction in perisomatic puncta frequency in the lower cortical layers of LgDel animals (P = 0.04 between WT and LgDel in bin 5; Fig. 3B-D) . These values for each WT or LgDel animal, however, did not correlate with behavioral performance (Fig. 3E) . Together, these results indicate that the LgDel mAFC is a site of distinctly altered position and synaptic distribution for the parvalbumin subset of cortical GABAergic interneurons. These changes may contribute generally to altered behavior; however, in the mAFC, they are not correlated with any measure of cognitive impairment in LgDel mice.
Projection Neuron Frequency and Behavioral Performance in LgDel Mice
We next asked whether diminished projection neuron frequency, previously detected in the LgDel lAFC and associated with aberrant basal progenitor proliferation (Meechan et al. 2009 ), could be detected in the mAFC, which has been associated with efficient learning of the reversal task (Bussey, Muir, et al. 1997 however, specific layer 2/3 projection neuron markers are expressed primarily in fetal and early postnatal cortex (Molyneaux et al. 2007 ). Thus, in the mature cortex, we counted NeuN-labeled cells (neurons) in the mAFC (Fig. 4A-D) since changes must primarily reflect altered projection neuron frequencies (see above and Fig. 2) .
Neuron frequency is reduced in superficial layers of the LgDel mAFC (bin 1 of the counting box, corresponding to layers 2/3). Thus, projection neurons in layer 2/3 are altered in the LgDel mAFC. NeuN neuron frequency in bin 1 is significantly reduced in the poorly performing LgDel animals (Fig. 4D,E) . Thus, we assessed the correlation between neuron frequencies in bin 1 from each animal with significantly divergent measures of behavioral performance (Fig. 4F and data not shown) . There were no correlations between layer 2/3 projection neuron frequency and any aspect of acquisition (Spearman and Pearson product tests). In contrast, there is a significant relationship between impaired reversal performance and mAFC layer 2/3 projection neuron frequency (Fig. 4F) . mAFC layer 2/3 projection neuron frequency is correlated with total number of reversal sessions in the LgDel cohort (Pearson product r = −0.72, P = 0.018; Spearman r s = −0.68, P = 0.04) and for LgDel and WT mice combined (Pearson product r = −0.73; P = 0.001; Spearman r s = −0.6, P = 0.02). Moreover, there is a relationship between reversal learning sessions and mAFC layer 2/3 projection neuron frequency. The number of learning sessions is significantly correlated in LgDel mice (Pearson product r = −0.66, P = 0.03; Spearman r s = −0.72, P = 0.03) as well as LgDel and WT mice combined (Pearson product r = −0.71, P = 0.002; Spearman r s = −0.59, P = 0.02). The average number of parvalbumin-labeled perisomatic terminals in bin 5 (layer 6) is significantly reduced in LgDel versus WT animals, *P < 0.05. (E) There was no significant correlation between the number of these terminals in bin 5, where group differences are found, and reversal sessions.
To assess whether reversal learning was associated selectively with projection neuron changes in the mAFC or more generally with superficial projection neuron frequency in frontal association cortical regions, we determined lAFC projection neuron frequency in the behaviorally tested animals. lAFC superficial projection neuron frequency (bin 1) was significantly reduced in LgDel animals, in agreement with our earlier observations (Meechan et al. 2009 ). Nevertheless, we found no significant correlation between this reduction of layer 2/3 projection neurons in lAFC and any measure of performance for acquisition or reversal of the visual discrimination task (Fig. 4G) .
Discussion
We have shown that diminished 22q11 gene dosage in the LgDel mouse model of 22q11DS compromises cognitive function as well as cortical circuit elements-interneurons, synaptic terminals, and projection neurons-in the mAFC, a distinct cortical region critical for cognition. The degree of cognitive impairment in LgDel but not WT animals varies substantially, and is correlated with variable frequency of one of the circuit elements we analyzed: mAFC projection neuron frequency. Apparently, layer 2/3 projection neuron frequencies in the mAFC contribute to distinct aspects of behavioral impairment in a visual reversal task that assesses murine cognition. These data, together with our previous observations on regional variability of cortical developmental anomalies in the LgDel mouse (Meechan et al. 2009 (Meechan et al. , 2012 , suggest that diminished 22q11 dosage selectively compromises frontal cortical regions and circuits crucial for cognitive capacities. Similar mechanisms may account for individual variability in cognitive impairment as well as regional selectivity in altered cortical structure in 22q11DS patients.
We analyzed the murine equivalent of executive function, distinct from spatial memory and sensory gating known to be impaired in LgDel and other 22q11DS mouse models (Long et al. 2006; Stark et al. 2008; Powell et al. 2009 ) using a task that is independent of spatial or chemosensory cues (Bussey et al. 2001) . The modest delay in initial acquisition in the LgDel is congruent with observations of variable general intellectual impairment in 22q11DS (Gerdes et al. 1999; Swillen et al. 1999; Woodin et al. 2001) . Stratified performance deficits during reversal learning are consistent with individually variable impairment of attention, working memory, and other executive functions in 22q11DS patients (Gerdes et al. 1999; Swillen et al. 1999; Woodin et al. 2001; Campbell et al. 2010) . In humans, these capacities depend upon the integrity of frontal and anterior cingulate cortical areas. In mice, parallel cognitive capacities engage the mAFC (Jones 2002; Kellendonk et al. 2009; Matzel and Kolata 2010) . Reversal learning sessions and errors are significantly increased in LgDel mice. These measures, associated with working memory and visual attention, depend upon mAFC circuits (Bussey, Muir, et al. 1997; Brigman and Rothblat 2008; Glascher et al. 2012) . In contrast, perseverative sessions and errors are unchanged or modestly improved in LgDel mice. These measures reflect suppression of the previously rewarded stimulus response at the beginning of the reversal phase, and are associated with orbitofrontal cortex (Chudasama and Robbins 2003) . The more pronounced Poorly performing LgDel animals displayed reduced superficial layer neuronal density (bin 1) relative to normally performing LgDel (**P < 0.01) and WT animals (**P < 0.01). (F) A significant negative correlation between superficial layer (bin 1) neuronal density and reversal learning was seen within the entire behaviorally tested cohort (WT and LgDel combined) and within the LgDel group alone. (G) A correlation between superficial layer (bin 1) neuronal density and reversal sessions in lAFC was not seen within the entire behaviorally tested cohort (WT and LgDel combined) or within the LgDel group alone.
and variable deficits in learning sessions and errors suggest a critical relationship between disrupted executive function and mAFC circuits in LgDel mice.
Based upon these data, we focused cellular analysis of the behaviorally characterized mice on interneuron and projection neuron integrity in the LgDel mAFC. It is likely that the changes we found in interneuron distribution and projection neuron frequency in the mAFC reflect altered development, particularly mechanisms of interneuron migration and cortical projection neurogenesis from basal progenitors. We complemented our analysis of interneuron position with a novel assessment of changes in the distribution of perisomatic parvalbumin synaptic terminals because this aspect of inhibitory circuitry has also been implicated in disease pathology and behavioral change (Gonzalez-Burgos et al. 2011) . Our results suggest that local inhibitory synaptic organization is generally altered in the LgDel mAFC; reinforcing the conclusion that disrupted parvalbumin interneuron-dependent inhibitory circuitry (Woo and Lu 2006; Lewis et al. 2012) , is a key feature of cortical connectivity disorders that arise during development, including 22q11DS.
The variable impairment in LgDel mice allowed us to determine whether specific circuit phenotypes are selectively related to specific aspects of behavioral change. We found a robust correlation between 2 behavioral deficits and a single aspect of circuit disruption in the mAFC: frequency of layer 2/3 projection neurons. Whether this relationship reflects a continuous distribution of individuals or stratification of 2 populations remains to be determined. Nevertheless, there are few examples in the current literature of behavioral variability related quantitatively to variable circuit organization or function (Kao et al. 2005; Wang et al. 2011) , and none have been reported for mouse models of human disorders of cortical circuitry. The specific correlation of some learning measures with layer 2/3 projection neuron frequency in mAFC in LgDel and WT animals suggests that cortico-cortical or other long distance connections made from the mAFC to other forebrain regions may be key for aspects of learning the reversal task. Additional aspects of reversal performance are thought to depend on additional anterior cortical areas. In WT animals, orbitofrontal cortex lesions result in increased perseverative errors. The distinctions between perseverative errors in LgDel and WT mice indicate further circuit changes that result in behavioral differences; however, these issues remain to be addressed.
Our data provide a foundation for exploring mechanisms of regional and individual variability in cortical structure and function in 22q11DS. Regional volumes and presumed axon density of local fiber tracts are reduced in frontal and anterior cingulate cortex in 22q11DS patient in children and in adults (Simon et al. 2005; Campbell et al. 2006; Ottet et al. 2013 ). These differences are correlated with deficits in sustained attention and working memory-key features of the "schizophrenia cognitive phenotype" (Oram et al. 2005; Abraham et al. 2007 )-in 22q11DS subjects (Dufour et al. 2008; Shashi et al. 2010) . Changes in LgDel mAFC projection neurons provide a new model to understand the pathogenesis of region-selective, cognitively disruptive changes in 22q11DS patients. Diminished 22q11 dosage may differentially compromise basal progenitors that generate upper-layer projection neurons due to altered capacity to respond to locally available signals (Fukuchi-Shimogori and Grove 2001; Haskell and LaMantia 2005; Siegenthaler et al. 2009 ), or anterior-posterior, dorso-ventral, and medio-lateral molecular identities established for cortical precursors by additional molecular patterning mechanisms (Hamasaki et al. 2004) . Such discontinuities in basal progenitor proliferative or neurogenic capacity could modify cortical parcellation, size, and folding (Elsen et al. 2013; Nonaka-Kinoshita et al. 2013 ). Characterization of regionspecific changes in cortical development, circuit organization, and behavior in 22q11DS mouse models provides an opportunity to determine how disrupted cortical development leads to cellular and behavioral pathology associated with cortical circuit disorders including schizophrenia, ADHD, and autism.
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